Selection of an appropriate maintenance strategy for multi-component systems is a very complex task due to diversity of components and their different failure modes, existence of various dependencies among components and a large number of competing criteria that need to be taken into consideration. This study presents a combined analytic network process and cost-risk criticality analysis model to select a cost-effective, low-risk maintenance strategy for different sets of components of a complex system. The proposed model consists of four maintenance alternatives (i.e. failure-based, time-based, risk-based and condition-based), among which the most appropriate strategy, on the basis of two criteria of maintenance implementation costs and failure criticality, is to be chosen. The former criterion includes the annual maintenance expenditure required for hardware, software and personnel training, while the latter criterion focuses on the capability of maintenance in reducing the failure vulnerability and enhancing the reliability and resilience. The possible dependencies among selection criteria as well as the failure interactions between components are taken into account to evaluate the maintenance alternatives. Finally, the model is applied to determine a suitable maintenance strategy for a new wind turbine configuration consisting of several mechanical, electrical and auxiliary components at the design stage. The results are compared with practices of maintenance over the first year of system operation as well as with the results obtained from an analytic hierarchy process model.
Introduction
For many engineering organizations, such as nuclear power plants, aircraft, power generators, submarine, medical equipment and high-tech products, it is extremely important to prevent the occurrence of random failures during actual operation. Such organizations are called 'high reliability organizations (HROs)' because they sustain high levels of reliability and safety despite operating in a hazardous environment (for more, see Labib 1 ). In these organizations, a catastrophic failure may have substantial consequences on health, safety, security and the economic efficiency. In order to avoid these consequences, it is necessary to choose a suitable maintenance strategy for different components/parts of the system. An appropriate maintenance strategy not only reduces the risk of catastrophic damages but also can result in tremendous savings through reduction in maintenance costs and/or improvement in product quality and customer satisfaction. However, improper selection of maintenance for components may adversely affect the system's reliability, availability and safety. It has been reported in some studies that a significant portion of annual maintenance budget is wasted due to insufficient or inefficient maintenance activities. 2 Selection of an appropriate maintenance strategy for multi-component systems is a very complex task due to diversity of components and their different failure modes, existence of various dependencies among components and a large number of competing criteria that need to be taken into consideration. The decisionmaker (i.e. system owner or service agent) must decide on the most appropriate maintenance strategy for each piece of equipment among a set of possible alternatives such as failure-based, time-based, risk-based and condition-based. Moreover, many different goals or comparing criteria (e.g. safety aspects, environmental issues, failure costs, reliability of equipment and the investment required for implementation) must be taken into account for evaluating the alternatives. Therefore, maintenance strategy selection is considered as a complex multiple-criteria decision-making (MCDM) problem.
From the latter half of the 20th century, the MCDM approach has been quite extensively used to select the most appropriate maintenance strategy for singlecomponent systems. 3 In this analysis approach, each alternative is evaluated with respect to all criteria and their associated sub-criteria using a suitable measure. Then, the evaluation ratings are aggregated to obtain a global evaluation for each alternative. Finally, the alternatives are prioritized. In order to find out the optimum solution, several techniques, such as analytic hierarchy process (AHP), analytic network process (ANP), technique for order of preference by similarity to ideal solution (TOPSIS) and VIsˇekriterijumsko KOmpromisno Rangiranje (VIKOR), could be utilized. In what follows, some recent publications on the topic and the methods employed are briefly reviewed.
Labib et al. 4 developed an AHP model for maintenance strategy selection regarding four criteria: frequency of maintenance calls, downtime, spare parts cost and bottlenecks. Bevilacqua and Braglia 5 presented an AHP model to select the best maintenance strategy in the oil refinery industry according to four criteria: cost, damages, applicability and added-value. A conceptual model of using fuzzy logic and multiple criteria to select cost-effective maintenance approaches was proposed by Al-Najjar and Alsyouf. 6 Labib 7 proposed a decision model based on the AHP and fuzzy logic to select a suitable strategy among four maintenance alternatives: operate to failure, fixed-time, condition-based and design-out maintenance. Bertolini and Bevilacqua 8 presented a combined AHP and goal programming (GP) approach to select the best strategy for maintenance of critical centrifugal pumps in the oil refinery industry. Wang et al. 9 developed a fuzzy AHP model in which four criteria of cost, safety, feasibility and addedvalue were considered for selection of a maintenance alternative. Shyjith et al. 10 utilized the AHP method to select an optimum maintenance strategy for a textile spinning mill ring frame unit. Ahmadi et al. 11 proposed an MCDM methodology based on the AHP, TOPSIS, VIKOR and benefit-cost analysis to select a suitable maintenance strategy for aircraft systems. Arunraj 16 proposed a distance-based fuzzy MCDM method to select an appropriate maintenance strategy for manufacturing firms. Shahin et al. 17 applied the ANP method to determine a suitable maintenance strategy in mining industry on the basis of four criteria: reliability, availability, maintainability and cost. Zaim et al. 18 used the AHP and ANP methods for determining the most appropriate maintenance strategy in a local newspaper printing facility. Nezami and Yildirim 19 presented a fuzzy VIKOR model to select an appropriate maintenance strategy for a manufacturing company based on a number of social, environmental and economic criteria. Goossens 22 proposed a hybrid model comprising fuzzy AHP, grey relational analysis (GRA) and TOPSIS technique for the selection of optimum maintenance strategy for pumps used in the paper industry. Tajadod et al. 23 compared the performance of different MCDM approaches (including AHP and ANP) in ranking the maintenance strategies for a dairy manufacturing factory.
Even though the above studies have reported many benefits (in terms of reduced operating costs and/or enhanced reliability and safety levels) to asset management of single-component systems, the MCDM analysis has received very limited attention in maintenance strategy selection of multi-component systems. A multicomponent system can consist of hundreds of different items which are often 'interacting' with one another either in one way (unidirectional) or two ways (bidirectional). A single-component failure in these systems may affect the reliability of other components which are structurally dependent and it can cause a multiple component replacement. This implies that failure of a component in multi-component systems can negatively impact the overall reliability performance, system's operating expenditure (OPEX) and the quality of system's output. Besides components' failure interactions, the criteria taken into account in the evaluation process of maintenance alternatives may be dependent on one another or vary together. For instance, the larger the investment on maintenance technology in terms of hardware or software, the better the detectability of unexpected failures and the lesser the risk of potential damages.
Neglecting the above-mentioned dependencies leads to inaccurate evaluation of the maintenance efficiency, and thereby, an inappropriate selection of the maintenance strategies to protect system. For this reason, a system-wide maintenance strategy selection framework must be developed so that the best 'balance' between whole maintenance costs and the risks associated with system failures is achieved. In this article, an MCDM approach is developed to select a maintenance strategy achieving an optimal trade-off between implementation cost of maintenance and criticality level of failures within the system. The main contributions of this study lie in the following three aspects:
A combined ANP and 'cost-risk criticality analysis' model is proposed aiming to select a cost-effective, low-risk maintenance strategy for different sets of components of a complex system. The possible dependencies among selection criteria as well as the interactions between component failures (cascade effects) are taken into account to evaluate the maintenance alternatives. The proposed model consists of two sets of criteria, namely, cost of maintenance and criticality of failure. The former criterion includes the annual maintenance expenditure required for hardware, software and personnel training, while the latter focuses on the capability of maintenance in mitigating the failure vulnerability and increasing the reliability and resilience. In this regard, the criticality measures considered in the literature are extended. The model is applied to determine a suitable maintenance strategy for a new wind turbine configuration consisting of several mechanical, electrical and auxiliary components at the design stage. To the best of the authors' knowledge, this article is the first academic paper dealing with maintenance strategy selection of wind power systems using the MCDM techniques.
The remainder of this article is structured as follows. Section 'Research background' presents an overview of the background information on which our methodology is built. In section 'Proposed methodology', the proposed maintenance strategy selection model is described. In section 'Application and results', an application of the model is presented and the results are discussed. Finally, the article is concluded in section 'Conclusion and future work'.
Research background

MCDM analysis in the marine renewable energy sector
The use of marine renewable energy sources (i.e. wind, wave and tidal) for the production of electricity brings significant economic and environmental benefits to all the stakeholders involved. Marine renewable energy planning is recognized to be a more complicated decision-making problem than fossil fuels and onshore renewable sources. In most situations, there are many points of view and differing perspectives among investors, asset owners, asset operators and service agents that need to be taken into account. The traditional single criteria decision-making approaches normally aim at identifying a solution based on only one criterion (e.g. the lowest cost) and hence cannot merge and analyse all perspectives concerned with the decisionmaking process. To overcome this gap, the MCDM approach (as a flexible tool that can take into consideration several conflicting aspects) was developed in the 1960s.
In the MCDM approach, options are first evaluated and then ranked to determine the most desirable alternative(s) by considering all aspects. This approach has so far been applied to solve various decision-making problems within the marine renewable energy sector, 24 including energy resource planning, site selection, material selection, design improvement and risk management. Table 1 lists a number of application areas of the MCDM methodology in marine renewable energy and then presents the techniques used in each study to obtain the optimal solution.
Among various MCDM methods, the AHP and ANP are mostly used to find out the optimum solution. In AHP technique, the decision problem is constructed as a hierarchical structure in which the goal of decision is located at the top level, criteria and sub-criteria are represented at the intermediate levels and the alternatives are at the bottom, 32 whereas in the ANP technique, the goal, criteria and alternatives are in the form of clusters. ANP differs from AHP in that it allows interdependence within a cluster as well as feedback between clusters 33 (see Figure 1 ). For this reason, the ANP technique is chosen for the analysis of maintenance strategies for interacting multi-component systems.
Risk criticality analysis
Criticality analysis is a fundamental part of effective asset management. Analogously to risk, criticality is defined as the combined effect of the probability of occurrence of an event and the severity of harm resulting from that event. In general, the criticality analysis is executed according to a criticality measure which is defined on the basis of probability of failure and its likely cost consequences. However, some analytical techniques like Failure Mode and Effects Analysis (FMEA) use three criteria to assess the risk: (1) how frequently a failure is likely to occur, (2) the severity of the effect and (3) how easily the failure can be detected.
FMEA is an engineering tool which is extensively used by a broad range of industries to identify, evaluate and eliminate all potential failures or risks to a system. It is over five decades since FMEA was first used in NASA's (National Aeronautics and Space Administration) reliability improvement projects. Since then, this technique has been applied to risk assessment studies within the oil and gas, automotive, construction, transport and the marine renewable energy industry. This technique determines the risk priorities of failure modes using a rating called Risk-PriorityNumber (RPN), which is the product of the occurrence (O), severity (S) and detection (D) of a failure, that is
where O is the probability of the failure occurrence, S is the severity of the failure and D is the probability of not detecting the failure. The three risk factors are evaluated using a 10-point scale, as described in the literature. 34 Even though the FMEA has been proven to be one of the most efficient tools for prioritization of the failure modes, several drawbacks are associated with this technique. One major drawback is that the RPN is not expressed in financial terms, and hence, it cannot be informative enough for decision-makers from the perspective of criticality. Another drawback is that the three factors O, S and D are considered to be 'independent' and their relative importance is not taken into account (i.e. the risk factors are assumed to have the same importance). To overcome the traditional FMEA shortcomings, a number of criticality analysis approaches (e.g. the multi-attribute FMEA as in the work by Braglia 35 ) have been suggested. These approaches typically involve the steps as outlined below:
1. Define the system; 2. List the components/parts of the system (functional analysis); 3. Identify all failure modes of the components/parts under consideration; 4. Perform a criticality analysis to evaluate the risk level of each failure; 5. Rank the failures with respect to the criticality measure (level); 6. Take actions on the high-risk failures; 7. Check the effectiveness of corrective actions and revise risk analysis.
The criticality analysis may be quantitative or qualitative, depending on the availability of data. In general, the criticality analysis is executed according to a criticality measure which is defined on the basis of some factors such as the probability of failure and its likely cost consequences. In this study, the criticality of a failure is expressed in terms of a quantitative index, called 'Cost-Priority-Number (CPN)'. The CPN is evaluated based on three interrelated criteria, namely, the probability of failure (P), the incurred costs (C) and notdetection possibility (N) (for more, see Shafiee and Dinmohammadi 36 ). The main advantage of using CPN approach compared to RPN is its capability to take into account the effects of failure interactions among components when evaluating the system's criticality.
Proposed methodology
ANP/CPN methodology (design stage)
In this section, we present a methodological framework for selecting the most appropriate maintenance strategy at the 'design' stage of a multi-component system. The 10 steps of the methodology are listed below:
Select a system and list all components under consideration. In order to analyse the suitability of different maintenance strategies for each piece of equipment, a multi-component system is chosen and all technical and non-technical information relating to the maintenance of components will be gathered.
Determine alternative maintenance strategies for each component. Several alternative strategies can be taken into consideration for maintenance of the engineering systems. In this article, four maintenance strategies are more appropriate for our system studied in section 'Application and results'. These alternatives are introduced briefly as follows:
Failure-based maintenance (FBM): Under this maintenance strategy, a repair action is carried out after an equipment failure or upon a severe decline in production. Time-based maintenance (TBM): Under this maintenance strategy, repair actions are undertaken at specific dates over the operational year. 37 Risk-based maintenance (RBM): This strategy aims to reduce the overall risk of system failure. The inspection and maintenance schedule is optimized on the basis of quantified risks caused by failure of individual components and/or cascading outages. The high-risk components are maintained usually with greater frequency, whereas for low-risk components, the effort is minimized to reduce the total scope of work and cost of the maintenance program. 38 Condition-based maintenance (CBM): In this maintenance strategy, continuous monitoring and inspection techniques are employed for the early detection of faults/failures and determining necessary maintenance and repair tasks ahead of failure. 39 Identify and classify the selection criteria. In order to evaluate and prioritize the maintenance strategies, the asset owner must specify a set of criteria. The criteria considered in this study can be divided into two groups:
Cost of maintenance. The implementation cost of a maintenance strategy is often considered as an important criterion in evaluating the maintenance alternatives. Different maintenance strategies require different expenditure on hardware, software and personnel training. For each maintenance strategy, there might be needed to purchase/lease a number of support facilities, maintenance tools, monitoring and prognostic sensors and some computers. Some software are also required for analysing the data collected from sensors, and finally, it is vital to train technicians and professionals to schedule and perform repair services.
Criticality of failure. The criticality level of a failure is measured on the basis of three measures of P, C and N. 'P' is a value between 0 and 1 which represents the likelihood that a component fails and can be derived from the historical data. 'C' is a positive value representing the costs associated with a failure, including renewal and replacement, lost production, maintenance labour, logistics, transport as well as cascading effects. 'N' is a value between 0 and 1 which represents the proportion of time that maintenance actions are not able to detect and avoid vulnerabilities. This value can be estimated by dividing the expected number of actual failures with the total number of failure vulnerabilities.
Identify criteria/alternatives/components' (inter)dependencies. Dependence among components is a key factor influencing the criticality of a failure in multi-component systems. Generally, three types of structural, stochastic and economic dependencies are considered between components. 40 Structural dependence means that maintenance of a failed component implies maintenance of multiple other components in the system. Stochastic dependence implies that failure of a component can affect the states of other components. Economic dependence implies that performing maintenance on a certain group of components costs less money and/or time than on each component separately. A dependency analysis may focus on the type of (inter)dependence (i.e. structural, stochastic and economic), order of (inter)dependence (i.e. first-order, second-order or higher), level of (inter)-dependence (i.e. partial or maximal) and so on. The (inter)dependencies can be identified by asking some questions, like, 'which components may be affected when a particular component fails?' To answer the questions, constructing a dependency graph could be very useful. The dependency graph is a diagram representing an overview of all (inter)dependencies among components within the system. A typical example of a dependency graph is shown in Figure 2 . The one-way arrows in the diagram show the dependencies, whereas the two-way arrows represent the interdependencies between components.
In real-world decision-making problems, there may also exist two-way relationships among criteria and alternatives as well as intra-relationships between criteria. For instance, the correlation between two criteria 'not-detection possibility' and 'software cost' is such that a maintenance strategy with high confidence in fault detection may require more investment in software. Construct a network model. In this step, a network model is constructed with a goal, criteria, sub-criteria, and alternatives. Figure 3 illustrates a network structure of the ANP/CPN decision model applied to maintenance strategy selection of marine renewable energy systems. As shown, the proposed network model includes three clusters. The first cluster is the main goal of problem (i.e. selection of a cost-efficient and low-risk maintenance strategy). The second cluster in the network consists of two main criteria, which are, namely, cost and criticality. Each criterion is then broken down into three sub-criteria as discussed in step 3. Finally, the third cluster represents the alternative strategies. The relationships among the decision elements are also determined and reflected in the network model.
Perform
pairwise comparisons of the decision elements. Pairwise comparison is a useful technique for assigning weights (priorities) to a number of different decision-making elements. Instead of considering all elements and attempting to prioritize them, the pairwise comparison breaks down the problem to comparing two elements at a time. The result of each comparison is recorded as a value and then all values are combined to calculate relative weights for each element. In order to prioritize the maintenance alternatives, a series of pairwise comparisons between decision criteria and alternatives have to be performed by system owners (operators). In addition, the interdependencies among the decision elements must be examined pairwise. The relative importance values are expressed with Saaty's 1-9 scale in the work by Saaty, 32 where a score of 1 represents equal importance between the two elements and a score of 9 indicates the extreme importance of one element compared to the other one. A reciprocal value is assigned to the inverse comparison, that is, a ji = 1/a ij , where a ij denotes the comparative importance of the element i over element j.
To build the pairwise comparison matrices, four sets of questions (A, B, C and D) are asked to the decisionmakers. The questions are listed below:
Question A. This question gives comparison data for the two criteria, namely, implementation costs of a maintenance strategy and the criticality of a component failure. Which of these two criteria is more important for the selection of a maintenance strategy and by how much? Question 'set' B. This question set gives comparison data for the sub-criteria considered in each criterion. For example, for the cost criterion, three sub-criteria were taken into account, these are as follows: (1) hardware, (2) software and (3) training cost. Which of these three sub-criteria is more important with regard to implementation costs of a maintenance strategy and by how much? Moreover, the importance of sub-criteria to each other is measured by asking questions like 'how much software cost is affected by improving detectability?' Question 'set' C. This question set compares each alternative against the others based on the sub-criteria described in step 3. For example, for the probability of failure, which one of maintenance strategies reduces more the likelihood of failure and by how much? Question 'set' D. This question set compares the six sub-criteria with respect to each maintenance strategy. For example, taking into account the software cost for CBM strategy, how is its capability in fault detection? Or in other words 'does the detection confidence improved worth the software cost incurred by CBM implementation?'
Calculate priority vector for all the comparison matrices and test the consistency. Once the pairwise comparisons are done, the local priority vector w is derived using the following equation
where A represents the pairwise comparison matrix, w is the eigenvector and l max is the largest eigenvalue of A. The consistency property of the pairwise comparison matrix also needs to be examined. The consistency ratio (CR) is used to identify possible errors in judgements. The CR value is defined as follows
where n is the number of elements and RI represents the average consistency index for numerous random entries of same order reciprocal matrices. The values of RI from n = 3 to n = 11 are computed and given in Table 2 . If the value of CR is smaller or equal to 10%, the inconsistency is acceptable; otherwise, the decisionmakers are asked to revise their judgements in order to improve the consistency level.
Conduct ANP analysis. The impact of the decision elements on each other in a network can be presented by a matrix, called the super-matrix. The super-matrix is a partitioned matrix where each sub-matrix is composed of the priority vectors obtained from the pairwise comparisons. The columns of the super-matrix represent the relationships between two clusters and the corresponding values in the columns reflect the influence that the elements of the clusters on the left-hand side of the matrix exert on those in the header of the matrix. If there exists no relationship between two clusters, the corresponding entry in the super-matrix is zero.
Since there usually exist some interdependencies among clusters in a network, the columns of the supermatrix may sum more than one. In this case, the supermatrix will be an unweighted one which needs to be normalized to make a weighted super-matrix. Then, to achieve a convergence on the obtained weights, the weighted super-matrix is raised to the power of 2p + 1, where p is an arbitrarily large number, and this new matrix is called the limit super-matrix. All the columns of the limit super-matrix are the same, so the final priorities of the elements (alternatives, criteria and sub-criteria) can be derived from any column in the matrix.
Select the most appropriate maintenance strategy. In this step, an index called 'desirability index' is calculated for the selection of the best maintenance alternative. The desirability index for alternative i, D i , is defined as the following equation
where J is the index set for criterion j, K j is the index set of sub-criteria for criterion j, C j represents the relative importance of criterion j, M kj is the relative importance of sub-criterion k of criterion j and A ikj is the rating of alternative i on sub-criterion k of criterion j. The alternative with the largest desirability index is selected as the best maintenance strategy. In the proposed ANP model, the best alternative is the alternative with the highest value in its row of the limiting super-matrix.
Feed results back into design, review and update the maintenance decisions regularly. Maintenance decision-making process in the HROs is often dynamic and needs to be continually improved. So, the maintenance strategies must be updated according to the failure criticalities experienced during the operation stage. Upgrading the maintenance decisions often requires using more accurate sensors, applying advanced technologies to analyse measured parameters and improving technicians' skills in identifying potential failures.
In what follows, we present a methodology for selecting/upgrading the maintenance strategies at operational stage.
Cost-risk-benefit analysis (operational stage)
The process for carrying out the cost-risk-benefit analysis includes 10 steps as shown in Figure 4: 1. Define the set of system components: X = f1, 2, . . . , Sg, where S denotes the total number of components under consideration. 2. Define the set of maintenance alternatives M = f1, 2, 3, 4g and denote the index for maintenance alternatives by i, where i 2 M and i = '1', '2', '3', '4' represent the index for FBM, TBM, RBM and CBM, respectively. 3. Select a component x 2 X for upgrading decision and set i c as the index for its design-stage (or current) maintenance strategy. 4. Estimate the CPN for component x under maintenance strategy i, which is the product of the probability (P), cost consequence (C) and noNdetection possibility (N) of a failure. The CPN value is continuous and is expressed in monetary unit, and hence, it can be easily used for comparison purposes. Furthermore, the cascading effects of a failure or error can be taken into account to calculate cost consequences (C) and, thereby, the CPN value. 5. Estimate the annual CPN for component x under maintenance alternative i, which is defined as
where V(xi) is the expected annual number of component x's failures under maintenance strategy i. 6. Calculate the potential reduction in annual CPN that may be achieved by upgrading the maintenance strategy from alternative i c (current) to alternative i t (target). That is
7. If ACPN i c ! i t ð Þ\ 0, the upgrade decision is ignored and another component must be selected (go to step 3). Otherwise, estimate the annual extra cost required to upgrade the maintenance alternative from i c to i t . That is
where HC(Á), SC(Á) and TC(Á) represent, respectively, the hardware, software and the training cost.
8. Calculate the 'cost-risk-benefit ratio' for upgrading the maintenance strategy from alternative i c to j. That is
where ACPN i c ! i t ð Þand C i c ! i t ð Þare given by equations (6) and (7), respectively.
9. If CRB i c ! i t ð Þ4 1, then stop the upgrading process and select another component (go to step 3). Otherwise go to step 10. 10. Select the target maintenance alternative with largest cost-risk-benefit ratio and upgrade the design-stage (current) maintenance strategy accordingly.
As can be seen, the proposed methodology achieves a sensible trade-off between the extra costs required for upgrading the maintenance strategy and the reduction of the expected annual CPN due to this upgrade.
Application and results
In this section, a case study illustrates our findings. The proposed ANP/CPN decision model is applied to select a cost-effective and low-risk maintenance strategy for a new wind turbine configuration at its design stage. Then, according to the collected field data from wind farm over the first year of operation, the cost-riskbenefit analysis is used to decide whether upgrading the maintenance strategies is economically viable or not. Finally, the ANP/CPN results are compared with the practices of maintenance based on operational data as well as with the results obtained using an AHP model.
Nowadays, many different types of wind turbines are available in the market. Li and Chen 41 categorized the wind turbines into several classes according to type of their generator, gearbox and power converters. This article considers a new wind turbine design that features a non-integrated drive train with a rotor shaft supported by two bearings, a combined planetary/spur wheel gearbox and a double-fed asynchronous generator. The three-bladed rotor system is also equipped with an electrical blade angle adjustment and a cast iron rotor hub.
A wind power generation system, as a complex system, consists of hundreds of different sets of components. In this study, as shown in Figure 5 , ten components with higher failure likelihood and/or severe consequences are considered.
A dependency diagram representing the dependencies and interdependencies among these components is shown in Figure 6 . As an example, the component 'generator' is dependent on the component 'brake' which means that the state of 'generator' is dependent on the state of 'brake' but not vice versa. On the other side, two components 'blade' and 'low-speed shaft' are interdependent which implies that the state of 'blade' is dependent on the state of 'low-speed shaft' and vice versa. Furthermore, the state of one component may impact the state of other components in the second or higher order of dependency. For example, the secondorder dependence between two components 'gearbox' and 'generator' can be described as follows:
The state of 'low-speed shaft' depends on the state of 'gearbox' and the state of 'generator' is dependent on the state of 'low-speed shaft'. Hence, the state of 'generator' depends on the state of 'gearbox'.
In this article, only the first-order dependencies among the components are taken into account, and the second or higher order of dependency will be investigated in our future work. When a wind turbine component fails, the failed component as well as all the components, which are structurally dependent upon, stop operating and will undergo a maintenance action. In this action, the failed component is replaced by a new one, and meanwhile, the other components are preventively repaired to such degrees that their ages are reduced by small percentages. Such executing the maintenance activities for a group of components will result in lower costs compared to the case when maintenance tasks are conducted individually. This implies that our model takes into account the 'economic' dependence among components in evaluating the efficiency of maintenance alternatives and measuring the criticality of a system failure.
Design stage
On the basis of collected information from four experts, the ANP/CPN decision model was first applied. The ANP software package 'Super Decisions' (http:// www.superdecisions.com) was utilized for this purpose. First, the local priorities of two criteria with respect to the main goal are obtained using a pairwise comparison matrix as given in Table 3 . In evaluation of the maintenance strategies for a wind turbine system, a greater weight was given to failure criticality criterion rather than maintenance cost because a wind turbine failure may have a substantial negative influence on power grid safety. Now, all the interconnected sub-criteria are compared together at the second level in terms of main criteria, and then, the related pairwise comparison matrices are constructed. For the criticality criterion, not-detection is regarded as the most important subcriterion and is evaluated as being 2 times more important than likelihood and 2.5 times more important than consequence. 42, 43 For the cost criterion, software cost is regarded as the most important sub-criterion and is evaluated as being 1.5 times more important than hardware cost and 2.5 times more important than training cost. The priority weights of sub-criteria with respect to the criterion are shown in Table 4 .
From the answers to questionnaire B in step 6, the amount of interdependency among sub-criteria is measured. The priority weights of sub-criteria against each other are given in Table 5 .
Afterwards, the priority weights for alternative maintenance strategies (i.e. FBM, TBM, RBM and CBM) with respect to the sub-criteria are obtained. The estimated priority weights for the component 'gearbox' are reported in Table 6 . Likewise, the priority weights of maintenance strategies against sub-criteria for all other components are computed.
Finally, the priority weights for the sub-criteria with respect to the maintenance alternatives are calculated. Table 7 presents the priority weights of each subcriterion against four maintenance strategies for component 'gearbox'. The priority weights for all other components are computed similarly.
The priority vectors obtained from previous steps are placed in the appropriate columns to build the unweighted super-matrix. Table 8 , for example, represents the unweighted super-matrix for component 'gearbox'. As can be seen, four out of five sections of unweighted super-matrix were completed using the priority weights of criteria, sub-criteria and alternatives presented in Tables 4-7 . The zero elements in the unweighted super-matrix show the independency among the clusters in the rows and columns. The global weights of sub-criteria against the main goal (i.e. determining a cost-effective, low-risk maintenance strategy) were obtained by multiplying the weight of criterion by the local weight of sub-criteria and are entered into 'goal' column.
Later, the unweighted super-matrix is transformed into a weighted matrix. The transformation process involves multiplying the unweighted super-matrix by the priority weights of the clusters. Finally, the weighted super-matrix is transformed into the limit super-matrix by raising it to powers. The limit supermatrix for component 'gearbox' is shown in Table 9 .
The final priorities of the four maintenance alternatives for component 'gearbox' are represented in Table 10 .
As shown, CBM is chosen to be the most appropriate maintenance alternative for component 'gearbox' from both perspectives of failure criticality and maintenance implementation costs. This maintenance alternative follows closely by RBM strategy. Similarly, the final priorities of the maintenance strategies were obtained for all other components and are shown in Table 11 . The preferred maintenance strategy (i.e. the alternative with highest priority) for each component has been also highlighted.
From Table 11 , it can be concluded that CBM is superior to other maintenance strategies for most of the wind turbine components, followed by RBM for a few Table 6 . Importance weights of maintenance strategies with respect to sub-criteria for 'gearbox'.
Maintenance strategies Sub-criteria others (i.e. 'low-speed shaft', 'tower' and 'yaw driver'). It also shows that the CBM score for the critical component 'blade' is the highest among all components. Although 'mechanical brake' and 'controller' are not very risky components from criticality point of view, CBM strategy was chosen for their maintenance since the associated implementation cost for these components is not that much large.
Operational stage
Now, according to the collected field data, the costrisk-benefit analysis is applied to upgrade the maintenance strategies if required. For this purpose, three components including 'low-speed shaft', 'tower' and 'yaw driver' with RBM strategy are selected. Using annual CPN calculations for wind turbine components reported in our earlier study, 36 the cost-risk-benefit ratios for upgrading the decision of maintenance strategies from RBM to CBM are estimated 0.94, 1.02 and 0.95, respectively. So, upgrading the maintenance strategy from alternative RBM to CBM could be beneficial (even in small amounts) only for the 'tower'. The reason for this result might be that the wind turbine was installed in an offshore area and the tower was stressed in a harsh maritime environment and suffered from multiple types of deterioration and external damages. 44 Hence, CBM alternative could be more cost-effective and less risk maintenance strategy than RBM over the rest of the tower's life cycle.
Comparisons
Some comparisons are made between the ANP/CPN results, operational practices of maintenance and the results obtained using an AHP model. The results of comparisons are given in Table 12 .
The findings are discussed below to establish some relationships that might be useful for future designs of wind turbines.
Criticality perspective. Based on the local scores obtained with regard to failure criticality criterion, it can be inferred that CBM is the preferred maintenance strategy for all components as it has the most capability for reducing the CPN. The same is, to a lesser extent, true for RBM and TBM, but FBM has the least potential to reduce the CPN value since this is a reactive strategy.
Cost perspective. The local score based on maintenance cost criterion prefers FBM alternative for all components. So, FBM incurs the lowest cost for implementing the maintenance in wind turbine systems. Similar to results obtained based on criticality criterion, the next appropriate strategy from the perspective of maintenance implementation cost is TBM. However, our proposed model provides a mixed result as it aggregates the local scores of the maintenance strategies with due regard to the weights of both selection criteria.
AHP technique. The AHP technique has been implemented in 'Expert Choice' software (http:// Expertchoice.com). While comparing the AHP results with the practices of maintenance based on operational data, it is found out that for some components (such as 'gearbox' and 'generator'), the AHP-based maintenance alternative matches with operational decision. However, the strategies for three components 'wind vane', 'yaw motor' and 'tower' must be upgraded from RBM alternative to CBM. This implies that the ANP/ CPN decisions need less upgrade than the decisions made based on the AHP method. So, taking into account the interdependencies among selection criteria as well as between alternatives and selection criteria provides more realistic results compared to the AHP method which ignores such interdependencies. In addition, the AHP technique recommends using CBM strategy for component 'yaw driver'. However, RBM was chosen as the most appropriate strategy according to the ANP/CPN methodology.
Conclusion and future work
The selection of a suitable maintenance strategy for multi-component systems is a complicated MCDM problem. In this article, a combined ANP and cost-risk criticality analysis model was proposed to select a costeffective and low-risk maintenance strategy for different sets of components of a system. The proposed model consists of two sets of criteria, these are, annual cost of maintenance and criticality of failure. The cost criterion involves investment costs for hardware, software and personnel training, while the criticality criterion focuses on the capability of maintenance strategy in reducing the CPN associated with an unexpected failure. The main benefit of using ANP/CPN in our analysis is that it allows taking into account various types of structural, stochastic and economic dependencies among components as well as the possible correlations between decision-making criteria. Table 8 . 
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